Viral replication and latently infected cellular reservoirs persist in HIV-infected patients achieving undetectable plasma virus levels with potent antiretroviral therapy. We exploited a predictable drug resistance mutation in the HIV reverse transcriptase to label and track cells infected during defined intervals of treatment and to identify cells replenished by ongoing replication. Decay rates of subsets of latently HIV-infected cells paradoxically decreased with time since establishment, reflecting heterogeneous lymphocyte activation and clearance. Residual low-level replication can replenish cellular reservoirs; however, it does not account for prolonged clearance rates in patients without detectable viremia. In patients receiving potent antiretroviral therapy, the latent pool has a heterogeneous and dynamic composition that comprises a progressively increasing proportion of stable lymphocytes. Eradication will not be achieved with complete inhibition of viral replication alone.
Viral replication and latently infected cellular reservoirs persist in HIV-infected patients achieving undetectable plasma virus levels with potent antiretroviral therapy. We exploited a predictable drug resistance mutation in the HIV reverse transcriptase to label and track cells infected during defined intervals of treatment and to identify cells replenished by ongoing replication. Decay rates of subsets of latently HIV-infected cells paradoxically decreased with time since establishment, reflecting heterogeneous lymphocyte activation and clearance. Residual low-level replication can replenish cellular reservoirs; however, it does not account for prolonged clearance rates in patients without detectable viremia. In patients receiving potent antiretroviral therapy, the latent pool has a heterogeneous and dynamic composition that comprises a progressively increasing proportion of stable lymphocytes. Eradication will not be achieved with complete inhibition of viral replication alone.
T he vast majority of HIV particles in the blood of infected persons is released by productively infected lymphocytes. Viral kinetics in plasma and lymphoid tissues during highly active antiretroviral therapy (HAART) demonstrate rapid turnover of this virus population (1) (2) (3) . Infected macrophages and virus trapped on the follicular dendritic network (FDC) of lymphoid tissues are secondary sources (1) (2) (3) . These virus sources might be eradicated with a few years of treatment (3, 4) , although the long-term clearance kinetics of FDC-associated virus is unknown (5, 6) . Stable, latently infected cells, harboring replication competent virus have been found to persist after many years of suppression of viremia to Ͻ50 copies per ml (7) (8) (9) . These cells are a barrier to treatment eradication and rekindle productive viral infection when treatment is interrupted (10, 11) .
Ascertaining the clearance characteristics of these cellular reservoirs is important for formulating future treatment and eradication strategies but is complicated by the simultaneous persistence of very low levels of viral replication that may replenish these reservoirs, even in patients who achieve suppression of plasma viral load below the level of detection (Ͻ50 copies per ml) (9, (12) (13) (14) (15) (16) (17) (18) . Whether the stability of latent reservoirs is a direct consequence of replenishment by residual replication during HAART is the subject of much debate (12, (19) (20) (21) (22) . If stability of the latent reservoir results principally from reseeding, then more effective inhibition of HIV replication might alone be enough to permit elimination of the reservoir within 8 to 10 years of treatment (12, 22) . Alternatively, the biological need for memory lymphocytes to persist argues that they should be inherently long-lived (19, 20, 23 ). An intrinsically slow reservoir decay rate (19) would mean that this reservoir, like immune memory, will not be extinguished within the lifetime of patients, even with complete inhibition of viral replication by more potent drugs.
The factors that maintain or clear the latent reservoir in patients on suppressive therapy are not well understood. Elimination of latently infected lymphocytes presumably results either from cell senescence or from cellular activation by encounter with cognate antigen leading to viral gene expression and cell death (Fig. 4 , which is published as supporting information on the PNAS web site, www.pnas.org). Recent studies have arrived at divergent half-life estimates for the reservoir of latently infected cells ranging from 6 to 44 months (12, 19) . These estimates assume that long-lived, infected cells are a homogeneous population exhibiting exponential decay characteristics, and the assays used do not distinguish latently infected cells established before therapy from those produced by residual replication during HAART. However, there is evidence for both subexponential clearance kinetics of viral reservoirs (17, 24) and variable degrees of replenishment caused by residual replication (12, 22) .
We exploited the predictability of a mutation within the viral reverse transcriptase active site, a methionine to valine replacement at codon 184 (25) , to track the fate of infected cell subpopulations during suppressive antiviral therapy. This technique allowed us to quantify both the intrinsic turnover rate of cellular reservoirs and the extent of their replenishment by residual replication. The 184 codon also served as a genetic marker for cells infected before or during defined periods of therapy and thus permitted an analysis of elimination rates based on time of establishment (Fig. 1) .
Methods
Patients. Studies were performed with local Internal Review Board approval and appropriate patient informed consent. Criteria for selection for the present study were previous treatment with regimens containing lamivudine that did not result in suppression of viral replication and hence permitted the emergence of the M184V mutation. In all cases, patients had received multiple nucleoside reverse transcriptase inhibitors (NRTI) as treatment for periods ranging from 7 to 15 months, with continuously detectable viral loads, followed by suppressive combination ART, defined as therapy enabling reduction of plasma viremia to below 50 RNA copies per ml (Fig. 2) . Suppressive regimens for four patients included the continuation of lamivudine. Peripheral blood mononuclear cells (PBMC) from multiple time points (median 4.5, range 3 to 7) during nonsuppressive therapy were available from six patients while PBMC from multiple time points (median 7, range 6-14) on suppressive therapy were available from all nine patients. Buffy coat and cell-free plasma were separated by centrifugation of acid-citrate-dextrose anticoagulated whole blood. Plasma was stored at Ϫ80°C. Total PBMC was isolated from the buffy coat by ficoll centrifugation and frozen as pellets of 2 ϫ 10 6 cells at Ϫ80°C or cyropreserved and stored at Ϫ150°C until use. HIV RNA was extracted from cell free plasma by using the Qiamp Viral RNA kit (Qiagen, Chatsworth, CA). Cryopreserved cells were thawed and washed in PBS before DNA extraction. DNA was isolated from cell pellets according to published protocols for DNA quantitation (26) . In some cases, duplicate aliquots were re-extracted by using Qiamp DNA mini extraction kit (Qiagen) and total DNA was requantified by fluorometry using Hoescht dye 33258 (Sigma). Quantitation of HIV DNA was performed on PBMC DNA extracts according to published protocols (26) with a lower quantitation limit of Ϸ5-10 HIV DNA copies per microgram of total PBMC DNA.
PCR Amplification for Sequencing Studies. For sequencing of HIV DNA, ten l of DNA extract containing 5 to 676 (median 90) HIV DNA templates were subjected to PCR amplification. When fewer than 10 template copies were present in 10 l of DNA extract, two or three replicate PCRs were performed, and the products were pooled. RNA was extracted from thawed aliquots of plasma by using the Qiagen Rneasy kit (Qiagen), and one-tenth the volume of eluted RNA was amplified. First step PCR or RT-PCR was performed with outer primers RTF1c and RTB1c (Table 6 , which is published as supporting information on the PNAS web site). RT-PCR was performed with the Finnzyme Robust RT-PCR kit (MJ Research, Waltham, MA). Second step PCR or RT-PCR was performed by using two l of template and primers M13 forward-5RT and M13 reverse-3RT (Table 6 ). Products were purified by using Qiaquick spin columns (Qiagen).
Estimates of Proportions of 184V and 184M by Dye Primer Sequencing.
Dye primer sequencing in both forward and reverse directions by using Prism Big Dye Primer version 3.0 kits was performed according to manufacturer's protocols (Applied Biosystems, Foster City, CA). The proportions of M and V were computed from the relative peak heights, determined from ABI trace files by using Vector NTI 5.0 (Informax, Bethesda, MD). In 14 replicate dye primer assays by using defined mixes of control plasmids, quantification of 184V proportions was consistent, with coefficients of variation ranging from 0.04 to 0.19 ( Statistics. Comparisons of decay rates were made by using nonparametric methods (paired or unpaired Wilcoxon tests). All results reported as significant satisfied P Ͻ 0.05 by both the Wilcoxon test and the corresponding two-tailed Student's T test.
Results and Discussion
Nine patients with chronic HIV infection who had received nonsuppressive treatment with nucleoside analogues including lamivudine before initiating suppressive combination antiretroviral treatment as a part of three clinical trials (27, 28, ‡ ‡) ( Table  1 and Fig. 2 ) were retrospectively identified and studied. All patients remained viremic on regimens of two or three nucleoside analogues. After initiation of HAART, either with or without lamivudine, plasma viral load became undetectable. The patient M2, representative of eight of the nine patients, did not exhibit intermittent viremia (blips) on HAART (Fig. 2a) , whereas patient M1 experienced several episodes of detectable viremia between 50 and 700 copies per ml, suggesting a higher level of residual viral replication (12, 16, 18) (Fig. 2b) . This patient also required a longer interval of treatment (36 weeks) to achieve a viral load Ͻ50 copies per ml.
In the patients with available plasma and PBMC samples during nonsuppressive therapy (n ϭ 6), dye primer sequencing, and analysis of relative peak heights (1, 29) demonstrated emergence of the lamivudine-resistant 184V variant within weeks of initiating treatment that included lamivudine. Consistent with previous reports, mutant virus rapidly replaced the wild-type plasma virus population, reflecting the strong selective advantage for the 184V mutant in the presence of drug (25, 30) (Fig. 3a) . This fitness advantage predicts that most of the residual viral replication would occur with the 184V mutant in patients that subsequently received suppressive HAART containing lamivudine. Similarly, the wildtype 184M codon is favored in the absence of lamivudine therapy (31) and residual replication of virus with 184M would occur in patients who received suppressive HAART not containing lamivudine.
As previously described for other compounds (1, 32) , emergence of the drug resistant variant during nonsuppressive therapy was delayed in PBMC DNA (Fig. 3a) indicating that only a small minority of PBMC are productively infected, despite high levels of viral replication in lymphoid tissue. Nevertheless, after this delay, the 184V codon became dominant, reaching maximum proportions of 50-90%. This finding demonstrates that HIV DNA in PBMC, despite the presence of replication impaired and defective forms (33, 34) , is maintained dynamically rather than statically.
The intermediate lamivudine resistance mutation 184I was not seen in plasma virus, perhaps because of limited sampling frequency relative to the rapid replacement of the 184I variant by the 184V (30) with greater replication fitness. In two patients, small minority populations with the 184I codon were detected in PBMC DNA at times when plasma virus contained 100% 184V virus (data not shown), verifying the temporary appearance of M184I mutants in vivo (30) .
Next, we studied the independent decay characteristics of HIV DNA containing 184M and 184V in PBMC during suppressive therapy including (n ϭ 4) or not including (n ϭ 5) lamivudine. The products of the proportions of 184V and 184M from dye primer sequencing and the total HIV DNA copy numbers from a validated PCR-based assay (26) were used to calculate the size of the subpopulations of cells harboring the 184M and 184V codons (Fig.  3 b and c) . The assays used do not distinguish between the different full-length molecular forms of HIV DNA that are present in PBMC. Episomal circular forms are stable, but comprise too small a fraction of the total HIV DNA to affect our estimates (35) (36) (37) . Linear unintegrated DNA is abundant in PBMC from untreated patients (35) but has a half-life of only Ϸ6 days (38, 39) . Our decay estimates were calculated starting with time points 4-12 weeks after the initiation of HAART to allow for clearance of these labile forms and the few productively infected cells that might be present. Furthermore, although a minority of HIV genomes present in PBMC is replication competent (33) (34) (35) , decay dynamics appear to be similar for replication-competent and replication-defective genomes, because cell-associated infectivity and total PBMC HIV DNA exhibit comparable decay characteristics after the first several weeks of HAART (3, 13, § §). This similarity in kinetics is consistent with natural history studies showing constant absolute concentrations of HIV DNA in blood cells over the course of infection, rather than rising levels of HIV DNA caused by accumulating defective forms (40) . These observations support the measurement of viral DNA clearance to understand turnover of latent reservoirs of replication competent virus in peripheral blood. Reservoirs of HIV DNA in PBMC behaved as a heterogeneous population with nonuniform decay characteristics ( Table 2 , Fig. 1 b-e). Cells containing 184M and 184V HIV DNA decayed at significantly different rates (median T 1/2 ϭ 151 months vs. 9 months, P ϭ 0.009). Cells labeled with the more recently established 184V codon decayed faster than those harboring 184M in all patients, indicating that clearance of cellular reservoirs of HIV infection is not dominated by the effects of cellular senescence (Fig. 1e) . Results were unaffected by censoring of all dye primer results where the minority variant was Ͻ10% (data not shown).
Relative decay of cells infected with HIV containing 184M and 184V during HAART was affected by whether or not patients continued lamivudine. There was a trend toward slower decay of HIV DNA with 184V in patients who continued lamivudine than in those who did not (P ϭ 0.10) ( Table 2) . Similarly, clearance of HIV DNA with 184M was slower in patients who did not continue lamivudine than in those who did (P ϭ 0.02). These differential decay patterns are consistent with the hypothesis that residual replication replenishes the cellular reservoir. This interpretation is supported by data for patient M1, who experienced frequent episodes of intermittent viremia while continuing lamivudine during HAART. In this patient, the half-life of the cells labeled with 184V was significantly longer (35.3 months) than in any other patient (9.4 Ϯ 7.1 months in others) and approached the half-life of cells labeled with 184M (Fig. 3 b and c and Table 2 ). To provide a better estimate of the whole-body HIV reservoir size, results were alternatively normalized to blood volume by using available lymphocyte and monocyte counts. Finally, DNA copy numbers per million CD4 cells were calculated to compare the values determined for HIV DNA with clearance of replication competent virus expressed as infectious units per million CD4 cells (12, 13, 19) . These alternative normalizations did not significantly affect the results of the analyses (data not shown). Together, these results demonstrate the replenishment of long-lived cellular reservoirs in proportion to the extent of residual replication, as described (12) .
The extent of replenishment of cellular reservoirs of HIV by residual replication demonstrated here is surprising because levels of replication on HAART are at least 2 to 3 orders of magnitude lower than in the untreated state. This would require a much more efficient conversion of activated, productively infected cells to a quiescent state than has been estimated based on lymphocyte mitosis (41) or from the ratio of the latent reservoir size to the number of infection events in untreated patients (2, 42) . However, a substantial reversion to latency is consistent with the rise of 184V we observed in PBMC DNA during nonsuppressive therapy. Furthermore, latency conversion rates might increase substantially after the normalization of immune activation during successful antiretroviral therapy (43) .
If residual replication does reseed the latent reservoir, is this the principal determinant of latent reservoir stability? Notably, cells containing viral DNA bearing the 184V codon were cleared more rapidly than cells containing the wild-type codon, reflecting the faster elimination of cells recently infected compared with those infected earlier for all patients, whether or not patients continued treatment with lamivudine (Table 2 ). This finding suggests that the decay rates of remotely infected cells are inherently slow and that the persistence of this reservoir was not dependent on residual virus replication.
To analyze the intrinsic clearance characteristics of the latent reservoir (independent of production due to residual replication), we categorized populations of infected cells into those replenished by residual replication and those not replenished by using the 184 codon as a genetic marker. We assumed that the 184M and 184V populations were activated and eliminated with first-order kinetics at rates Ϫ␦ M and Ϫ␦ V , respectively (Tables 3 and 4) . As a first approximation, we assumed that all replicating genomes contained the 184V codon (in patients continuing lamivudine) or the 184M codon (in patients not continuing lamivudine). The effect of this reseeding on replenishment of cellular reservoirs was also modeled as a first-order process, with rates V and M (Tables 3 and 4) . The 184V population decayed more rapidly than did the 184M population (␦ V Ͼ ␦ M , P Ͻ 0.01), demonstrating heterogeneity of long-lived cellular reservoirs of HIV. Because it is possible that residual replication of virus with both 184M and 184V codons likely occurs to some extent in patients who continued lamivudine and in those that did not, these values overestimate M and V and underestimate ␦ M and ␦ V . After relaxation of assumptions so that only 80% of replicating virus is of the more fit type, the decay of 184V remained significantly more rapid than that of 184M (␦ V Ͼ ␦ M ). The significance of the conclusion that the 184M pool was differentially reseeded in patients who did not continue lamivudine was also unaffected by this less stringent model. Normalization of DNA copy numbers to CD4 count or blood volume yielded comparable decay half-life estimates.
To determine whether prolonged survival of the cells with 184M was caused by the preferential retention of archived, replicationdefective wild-type virus, we performed replicate endpoint dilution microculture of CD4 lymphocytes obtained after 40-58 months of suppressive treatment. Virus was recovered from five of six patients; fresh cells from the three remaining patients were unavailable. As in previous studies, we observed a high ratio of cells with nonreplication competent HIV DNA compared with replication competent HIV (as defined by cultivation of virus in vitro) (3, 35) . The replication competent, biological clones did not disproportionately comprise 184V virus (Table 5 ). In only one patient, D2, from whom relatively few clones were recovered, did the majority of the viral isolates contain 184V. In all other cases, the majority of the replication competent virus carried the 184M codon. The fraction of replication competent virus with 184V or M was not significantly different from estimates extrapolated from dye primer sequencing of HIV DNA in PBMC (Table 5 ). In one patient, M1, the proportion of clonal viral isolates that had 184M exceeded the estimates from dye primer assays with borderline significance (P ϭ 0.06). Overall, the proportion of 184M HIV DNA that was replication competent was comparable to that for the more recently established 184V HIV DNA, suggesting that the greater stability of the 184M forms reflected a slower clearance rate of archived viral DNA, consistent with recent observations that virus isolated from latently infected cells frequently exhibit ancestral genotypes (13, 18, 21) .
If cells infected earlier were not disproportionately defective, why were they preferentially retained? Perhaps memory lymphocytes, which recognize a spectrum of antigens, activate and clear at a continuum of rates according to antigen specificities and the abundance of cognate antigens (44, 45) . The selective enrichment of HIV-infected cells recognizing rarely encountered antigens (Fig.  6 , which is published as supporting information on the PNAS web site) could also explain why some estimates of the reservoir decay half-life (19) , including the present estimates, exceed previous measurements of the intermitotic half-life of memory lymphocytes (41) . The greater stability of cells infected at earlier times might also reflect different dynamics of phenotypically distinct subpopulations of latently infected cells, such as CD8ϩ lymphocytes (46), monocytes (47) , natural killer cells (48) , memory (49) and naïve (50) CD4 ϩ lymphocytes, or effector and central memory lymphocytes (51, 52) . Alternatively, the stability of 184M-labeled cells might have resulted from residual replication of wild-type virus regardless of treatment regimen. However, this seems unlikely because lamivudine penetrates well into putative anatomic sanctuaries (53, 54) and the fitness difference between 184M and 184V virus in the presence of lamivudine is large (25) . Division of latently infected memory cells without viral production, rather than residual replication, could also result in a net gain of some HIV infected cells (42) , but this would not explain the regimen dependence of decay rates. Thus, the biological basis of the observed reservoir heterogeneity deserves future study.
Discrepancies in estimated decay kinetics of cellular reservoirs of HIV have been explained by interpatient differences in viral suppression, as measured by the frequency of intermittent viremia and the stage of disease when treatment is begun (12, 13, 19) . Our data support the recent suggestion that the interval of study after initiation of HAART may also impact estimates of reservoir dynamics (24) . We observed a median clearance T 1/2 of 9 months for infected cells that dominated decay during the early period of HAART and 151 months for cells that dominated later. These results span the range of those previously reported (12, 13, 19) .
In summary, our data demonstrate that long-lived cellular reservoirs of HIV in patients on HAART reflect a heterogeneous population of cells with nonuniform decay characteristics and that reservoir stability is not dependent on replenishment by residual viral replication. The hypothesis that antigen specificity and corre- Clearance rates indicated best estimate Ϯ standard error. Negative half-lives are given when the best exponential fit indicated growth rather than decay. The numerical value then indicates the doubling time of this growth, so that large negative values reflect near stasis. *P ϭ 0.02.
† P ϭ 0.10. sponding antigen frequency dictate clearance rate predicts that the population of cells latently infected with HIV will gradually shift toward cells specific for increasingly rare antigens, assuring the life-long persistence of this viral reservoir, in accord with the durability of immunologic memory. Treatments with greater potency, although needed, will not be sufficient to achieve eradication (12, 55) . Interventions designed to mobilize these cellular reservoirs or to promote recognition and clearance of cells expressing low levels of viral antigens must be pursued (56-58). With the exception of M1, fractions of culture positive wells indicate Ͼ80% likelihood that viral isolates were clonal. 184M and 184V proportions were not statistically different between cocultured isolates of replication-competent virus and estimates from dye primer sequencing of HIV DNA in PBMC. *Extrapolated to time of coculture from 184V proportions measured after year 1 on HAART.
